The effective Skyrme energy density functionals are widely used in the study of nuclear structure, nuclear reaction and neutron star, but they are less established from the heavy ion collision data. In this work, we find 22 effective Skyrme parameter sets, when incorporated in use the transport model, ImQMD, describe the heavy ion collision data, such as isospin diffusion data at 35 MeV/u and 50 MeV/u. We use these sets to calculate the neutron skin of 208 Pb based on the restricted density variation method, and obtain the neutron skin of 208 Pb in the range of δRnp = 0.18 ± 0.04 fm.
Introduction. Over last couple decades, the effective nuclear energy density functionals, which take into account some of the complicated correlations that characterize complex nuclei, have become a tool for describing the properties of nuclear ground-states, heavy ion collisions and neutron stars. Considerable progress has been achieved in constructing and optimizing the effective energy density functionals (EDF), both in nonrelativistic [1] [2] [3] [4] [5] [6] [7] [8] and relativistic [9] [10] [11] [12] [13] [14] [15] frameworks. Recently, construction of the EDFs has been also inspired by ab initio calculations [16] and effective field theories [17, 18] .
Traditionally, the effective Skyrme energy density functionals are more commonly used in nuclear structure, reactions and astrophysics studies for their relative simplicity in computation but containing sufficient physics to allow quantitative description of structures and reactions of nuclei [19] . The parameters in the Skyrme energy density functionals are obtained through best fitting of the nuclear matter parameters, as well as the properties of nucleus, such as binding energy, shell gap, rms radii, fission barriers and giant resonance energies, some of them also consider the properties of neutron stars. So far, more than 200 parameter sets with their corresponding nuclear matter parameters have been obtained. As shown in reference [20] , the uncertainties in predictions of nuclear matter parameters from the compiled parameter sets, such as, incompressibility K 0 = 9ρ 2 ∂ 2 /ρ ∂ρ 2 | ρ0 , isoscalar effective mass m m * s = (1 + 2m 2 ∂ ∂τ E A )| ρ0 [8] , symmetry energy coefficient S 0 = S(ρ 0 ), slope of symmetry energy L = 3ρ 0 ∂S(ρ) ∂ρ | ρ0 , and isovector effective mass
, where κ is the enhancement factor of the Thomas-Reich-Kuhn sum rule [21] , still exits. One method of improving the Skyrme energy density functional is to constrain it in a multi-dimensional parameter space and in a large density range, which can be realized by best fitting the heavy ion collision data with the transport model calculations. Heavy ion collision can form high density in * zhyx@ciae.ac.cn its compression phase, and subnormal density during its expansion, thus, the heavy ion collision can check the effective energy density functional over a large density region. In another, one has to remove a prior correlations on the nuclear matter parameters when one use the data to obtain the effective Skyrme energy density functional parameters.
In this work, we adopt the nuclear matter parameters {K 0 , S 0 , L, m * s , f I } as independent inputs and then to obtain the effective Skyrme interaction parameter sets. Here, we replace m * v by f I , which is defined
, since the f I can be analytically incorporated into the transport model and its sign reflects the m * n > m * p or m * n < m * p . The range of nuclear matter parameters {K 0 , S 0 , L, m * s , f I } and the correlation between them are estimated, and 22 effective Skyrme parameter sets, are obtained by comparing the transport model calculations to the HIC data, such as isospin diffusion data at 35 and 50 MeV/u, are discussed. Finally, we use the obtained 22 parameter sets to calculate the neutron skin of 208 Pb using the restricted density variational method.
ImQMD model. The transport model used in this work is the ImQMD-Sky [22, 23] . In the model, the nucleonic potential energy density without the spin-orbit term is u loc + u md , and
and Skyrme-type momentum dependent energy density functional u md is written based on its interaction form arXiv:1911.05380v1 [nucl-th] 13 Nov 2019 δ(r 1 − r 2 )(p 1 − p 2 ) 2 [1, 2, 23] as,
The connection between 9 parameters α, β, η, A sym , B sym , C 0 , D 0 , g sur , g sur,iso used in ImQMD-Sky and the 9 nuclear matter parameters, {ρ 0 , E 0 , K 0 , S 0 , L, m * s , m * v , g sur , g sur,iso }, are given by following analytical relationship,
, and η = σ + 1. Similar relation has been discussed in references [24, 25] . The novel approach used in this work is that we set the 9 nuclear matter parameters {ρ 0 , E 0 , K 0 , S 0 , L, m * s , m * v , g sur , g sur,iso } as the input of the ImQMD-Sky code. The coefficients of surface terms are set as g sur = 24.5M eV f m 2 and g sur;iso = −4.99M eV f m 2 , and varying of g sur and g sur,iso in a reasonable region for different Skyrme interactions has negligible effects on the calculated experimental observables in intermediate energy heavy ion collisions. The nucleon-nucleon collision and Pauli-blocking part used in this work are treated as the same as that in Ref [26] [27] [28] , and we do not vary its strength or form in this study since previous calculations have shown it does not strongly influence the isospin sensitive observables we studied [29] .
Density variational method. The approach we used to calculate the neutron skin is the restricted density variational method (RDV), which as the same as in the Ref. [37] , where the semi-classical expressions of the Skyrme energy density functional are applied to study the ground state of energies, the neutron proton density distributions, and the neutron skin thickness of a series of nuclei. The binding energy of a nucleus is expressed as the intergral of energy density fucntional, i.e.
[τ n (r)+τ p (r)]+H sky +H coul dr (4) The energy density functional H sky is nucleonic density functional, which has the same form as we used in the ImQMD model, but with the spin-orbit interaction form.
In our calculations, we take the density distribution as a spherical symmetric Fermi function:
By minimizing the total energy of the system given by Eq. (4), the neutron and proton densities can be obtained and thus the neutron skin.
Results and Discussions. We choose commonly used values of ρ 0 = 0.16f m −3 , E 0 = −16M eV , and thus only 5 nuclear matter parameters K 0 , S 0 , L, m * s , f I , are left in the parameter space. The different parameter sets correspond to the different points in 5 dimension parameter
We sampled 120 points in 5D parameter space in the range which we listed in Table I under the condition that η ≥ 1.1. η ≥ 1.1 is used for guaranteeing the reasonable three-body force in the transport model calculations. The range of these nuclear matter parameters are chosen based on the prior information of Skyrme parameters ( Supplementary Fig.  1 ). As an example, the 120 sampled points are presented as open and solid circles in two-dimensional projection in Figure 1 . The points of parameter sets uniformly distribute in two-dimensional projection except for the plots of K 0 and m * s /m due to the restriction of η ≥ 1.1. We perform the calculations for isospin transport diffusion at 35 MeV/u and 50 MeV/u at b=5-8fm with the impact parameter smearing [30] for 112,124 Sn+ 112,124 Sn. 10,000 events are calculated for each point in the parameter space and simulation are stopped at 400fm/c. The calculations are performed on TianHe-1 (A), the National Supercomputer Center in Tianjin.
In Figure 2 , the lines represent the calculated results of isospin transport ratio R i with 120 parameter sets. The isospin transport ratios R i is defined as
which is constructed from at least three reaction systems, two symmetric systems, such as 112 Sn+ 112 Sn and Sn and X = δ which is the isospin asymmetry of emitting source [29, 31] in the transport model calculations. In theory, the definition on the emitting source comes from the physical process where the isospin diffusion reflects the isospin asymmetry of the projectile-like residue immediately after the collision and prior to secondary decay. Based on this concept, the 'emitting source' are constructed from the emitted nucleons and fragments with velocity greater than half of the beam velocity, i.e. v i > 0.5v c.m.
b
, i=fragments, nucleons. The values of isospin transport ratio at projectile region reflect the isospin diffusion which depends on the stiffness of symmetry energy and the strength of effective mass [23, 32] . [33, 34] , lines are the calculated isospin transport ratios with 120 parameter sets.
Two stars in middle panel of Figure 2 are the experimental data which are isospin transport ratio at projectile rapidity region, constructed from the isoscaling parameter X = α iso at 50 MeV/u [33, 35] and the ratio of X = Y ( 7 Li)/Y ( 7 Be) [33, 34] at the beam energy of 35 MeV/u. The isospin transport ratio obtained from δ can be compared to that constructed from α iso or Y ( 7 Li)/Y ( 7 Be) assuming there is a linear relationship between them [33] . As shown in Figure 2 , the full model calculated results show large spread around the experimental data [33] [34] [35] . By comparing the calculations to the data, we find 22 parameter sets that can reproduce the isospin diffusion data within experimental errors.
We highlight those points that can reproduce the experimental data within experimental errors with blue solid symbols in upper panel of Figure 1 . Generally, one can observe: 1) L increase with S 0 . The constrained points distribute in the bottom-right corner in the S 0 -L plot (panel (c)), and the large L with small S 0 are ruled out. From panel (j), the isospin data is not sensitive to the effective mass. This parameter seems to be more sensitive to double neutron and proton spectral ratios [58] .
By using the Eq. (4) and relations in reference [22, 27] , we can construct the effective standard Skyrme parameter sets, {t 0 , t 1 , t 2 , t 3 , x 0 , x 1 , x 2 , x 3 , σ}, except the coefficient related to the spin-orbit terms. In table (II), we present the extracted 22 standard Skryme parameter sets and the corresponding neutron skin of 208 P b i.e., ∆R np ≡< r 2 n > 1/2 − < r 2 p > 1/2 , based on the RDV method. The averaged values of neutron skin of 208 P b is δR np = 0.18 ± 0.04 fm, and it is consistent with the neutron skin values extracted from the experiments from reference [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] .
Based on the extracted 22 Skyrme parameter sets, we can also obtain the corresponding symmetry energy which is a hot topic in the physics of heavy ion collisions. The form of corresponding density dependence of symmetry energy for cold nuclear matter in the Skyrme-Hartree-Fock approach read as,
The density dependence of the symmetry energy obtained from 22 parameter sets are presented in left panel of Figure 3 . The shadow region with blue color represents for the S(ρ) constrained from the two isospin diffusion data, i.e., R i at 35 MeV/u and 50 MeV/u, within 1σ. The region within the blue dashed lines are the constrained S(ρ) within 2σ uncertainties. The shadow region with cyan color is the constraint of symmetry energy obtained in 2009 by analyzing the data of isospin diffusion, isospin transport ratio, and double neutron to proton yield ratio at 50 MeV/u with ImQMD codes [31] , where the corresponding density dependence of symmetry energy is
Compare to the constraints of S(ρ) by 2009 HIC data, the new analysis improve the constraints at the density below ∼ 0.13f m −3 because we include isospin diffusion data at 35 MeV/u in this analysis. The uncertainties of the constraints of symmetry energy around normal density become larger than that in 2009, because the current analysis includes the uncertainties of K 0 , m * s , and f I . The symmetry energy obtained from the electric dipole polarizability in 208 Pb [54] (red circle), properties of double magic nuclei and masses of neutron-rich nuclei [52] (black square and up triangle) and Fermi-energy difference in finite nuclei [53] (blue down triangle) are also presented in the left panel of Figure 3 . The symmetry energy obtained in this work is consistent with the previous constraints within 2σ uncertainties. The consistence of the symmetry energy obtained from 22 Skyrme parameter sets and the symmetry energy constraints from other nuclear structure studies [52] [53] [54] is because both contain the information of symmetry energy at subsaturation density. It can be simply understood from the right panel of Figure 3 by using the approach of sensitive density proposed by W.G. Lynch and M.B. Tsang [55] . The shaded region in the right panel of Figure 3 is the constraint given by reference [31] , and the points in the right panel are the constraint by the isospin diffusion data at 35 and 50 MeV/u in this work. The correlation between S 0 and L is consistent with our previous work [58] . By best linear fitting these points, the values of ∂S0 ∂L can be obtained, and we got ∂S0 ∂L = 0.061 with standard error 0.022. Thus, the corresponding sensitive density is ρ s /ρ 0 = 0.685 − 0.946 with 2σ of the ∂S0 ∂L . The range of sensitive density is consistent with the dynamical prescription of isospin diffusion process in peripheral heavy ion collisions, where the density in the neck region evolves from normal density to subnormal density until the neck breaks. This is also close to the corresponding average density region in the nuclear skin studies [52, 56] .
We do not use the data of double neutron to proton yield ratios [57] to extract the effective Skyrme energy density functional in this work, because the data of double neutron to proton yield ratios in 2006 [57] has large errors and later proved to be wrong. In addition, the analysis from both QMD type or BUU type models could not well reproduce the neutron and proton yields due to the inadequacy of mechanism in describing the light particle formation, especially at the beam energy of 50 MeV/u. Analysis of the single and double coalescence invariant neutron to proton yield ratios at 120 MeV/u can be found in [58] .
Summary. In summary, we established 22 Skyrme parameter sets by comparing, the isospin diffusion data at 35 and 50 MeV/u, to transport model calculations where we use the nuclear matter parameter as an input for removing the prior correlation between them. Based on the restricted density variation method, the neutron skin of 208 P b from 22 parameter sets is ∆R np = 0.18±0.04fm. The values of K 0 , S 0 , L, m * s /m, and f I of 22 Skyrme parameter sets are estimated. Our calculations show the positive correlation between S 0 and L under the constraints from isospin diffusion data, and the L values obtained from 22 parameter sets distribute from 30 to about 100 MeV. Most of the estimated values of f I in this work are negative which corresponds to the m * n > m * p , but we can not rule out f I > 0 (i.e. m * n < m * p ) by using the diffusion data. Future works on comprehensive test of Skyrme parameter sets with nuclear structure, neutron stars as well as in heavy ion collision will be helpful for constraining the isospin asymmetric equation of state over a large density region.
